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We report ultra-stable locking of a commercially available extended cavity
diode laser to a vibration-insensitive high finesse Fabry-Perot cavity. A servo
bandwidth of 2 MHz is demonstrated. The absolute stability of the diode laser
after locking is measured with a three-cornered-hat method. The resulting
Allan deviation reaches a level of 2.95 × 10−15 at 1 s, corresponding to only
0.93 Hz linewidth, even without vibration isolation of the reference cavity.
c© 2018 Optical Society of America
OCIS codes: 140.3425, 140.2020.
Ultranarrow linewidth lasers are essential for optical clocks and high precision laser spec-
troscopy. Due to their broad tuning ranges, ease of use, and lower cost, diode lasers are
particularly suitable for these tasks. To reach an ultranarrow linewidth, the laser is gen-
erally servo locked to a high finesse Fabry-Perot cavity through Pound-Drever-Hall (PDH)
technique [1–6]. Unlike monolithic Nd:YAG lasers [7], diode lasers can still have significant
frequency noise at Fourier frequencies above 1 MHz. As a consequence, it is much more
difficult to design a servo loop for an extended cavity diode laser than for an intrinsically
quiet Nd:YAG laser. Specially designed servo electronics is generally required to suppress
the diode laser linewidth down to Hz level, limiting this technology to very few advanced
labs.
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In this Letter, we report locking of a commercial extended cavity diode laser (ECDL) to a
vibration-insensitive high finesse Fabry-Perot cavity with a commercial wide-band electronic
servo amplifier. A locking bandwidth of 2 MHz is demonstrated. Using the three-cornered-
hat method, the absolute stability of the diode laser is measured to be 2.95 × 10−15 at 1 s,
corresponding to only 0.93 Hz linewidth. This performance level is achieved even without
vibration isolation of the reference cavity.
The experimental setup is shown in Fig. 1. A commercial ECDL (TOPTICA DL pro
940) is placed in one lab (lab 1), while a high finesse reference cavity (cavity 1) is placed
in another acoustically isolated lab (lab 2). The diode laser is tuned to 946 nm (the 4th
harmonic at 236.5 nm is used to probe the 5s2 1S0 – 5s5p
3P0 clock transition of the
115In+
optical frequency standard) and emits 30 mW of power. A 5 µs delayed self-heterodyne
measurement results in a short term linewidth of the DL-pro laser of ∼ 100 kHz. The laser
frequency can be modulated by applying a voltage to a piezoelectric transducer (PZT) which
moves the ECDL’s optical grating. This is possible at frequencies from DC to 3.5 kHz before
a mechanical resonance of the grating holder is hit. High frequency laser modulation can be
performed via an active electric circuit in the laser head which allows to alter the laser diode
current from DC to 60 MHz (3 dB bandwidth). The frequency response of the diode laser
with respect to current modulation depends on the individual laser diode type and typically
falls of at a few MHz. The reference cavity is designed to be vibration-insensitive [8–10]. This
is done by making square “cutouts” on the bottom of the cylindrical spacer and supporting
the cavity at four Airy points. For such a cavity, the important parameter is the ratio of the
cavity length change dL over seismic acceleration dg. Here, the cavity acceleration sensitivity
dL/dg is found to be less than 10−14 s2 using a finite element analysis method. The cavity
spacer and the optically bonded mirror substrates are made of ultra-low-expansion glass
(ULE). The cavity has a finesse of 2.4× 106 measured by cavity ring-down time. It is placed
on a home-made stainless steel base with four supporting points. The whole assembly is
placed inside a temperature-stabilized ultrahigh vacuum chamber. The temperature of the
vacuum chamber is stabilized at 27 ◦C with a root-mean-square (RMS) fluctuation of less
than 1 mK. To reduce the influence of acoustic noise, the vacuum chamber is surrounded by
plastic foams containing a layer of lead septum. The cavity and other optical components
sit on top of a 10 cm thick breadboard without any vibration isolation.
The diode laser light is sent through a 60 m long single mode fiber from lab 1 to lab 2.
This will introduce a one-way loop delay time of 300 ns. Since maximally achievable control
bandwidth is limited by the overall loop delay time [11], for a loop bandwidth of a few MHz,
the loop delay has to be under 50 ns. To solve this problem, we pre-stabilize the diode laser
to another simple pre-cavity. The pre-cavity is also made of ULE, and has a finesse of only
73 000. The pre-cavity is placed in a vacuum chamber for isolation from air temperature and
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pressure fluctuations.
The pre-locking is performed through PDH technique. A small amount of the diode laser
output is sent through a 19 MHz electro-optical modulator (EOM1), and is coupled into the
pre-cavity. The cavity reflection signal is used to generate the error signal, which is sent to a
commercial fast analog linewidth controller (FALC) servo amplifier (TOPTICA FALC 110).
Within the FALC, the error signal is split into two regulator branches. A slow integrator
branch acts on the laser grating PZT to cancel out long term drifts and the fast branch
(signal delay times ∼ 15 ns) is used to control the laser diode current. For fastest settings,
the FALC transfer function shows a phase delay of < 45◦ at 35 MHz and ∼ 90◦ at 50 MHz
with the 3 dB bandwidth of 100 MHz.
By optimizing FALC settings, we achieve a pre-locking servo bandwidth of ∼ 2 MHz,
as shown in the inset of Fig. 1. The reflected signal from the pre-cavity, after pre-locking,
is recorded by a spectrum analyzer with a 1 kHz resolution bandwidth. The center peak
corresponds to the modulation frequency of EOM1. Shoulders appear around this peak,
indicating a locking bandwidth of 2 MHz. The linewidth of the diode laser is thus reduced
from ∼ 100 kHz level to a few hundreds Hz, limited by the mechanical stability of the pre-
cavity. About 5 mW of the remaining diode laser light is subsequently sent through the
60 m fiber to lab 2. The light from the fiber output double-passes through an acouto-optic
modulator (AOM1), which is used to bridge the frequency difference between the two closest
TEM00 modes of pre-cavity and cavity 1, and is also used for PDH locking to cavity 1.
The light after double-passing AOM1 is separated into two parts. One part is used for the
three-cornered-hat measurement to determine the absolute stability of the diode laser. The
other part of the light is mode-matched into cavity 1 for PDH locking, with the reflected
signal as the error signal. The error signal is used to control AOM1 to complete the feedback
loop. Since frequency noise at Fourier frequencies above kHz has been suppressed by the pre-
locking, the requirement on the second stage servo electronics bandwidth is greatly reduced.
We just need a simple, low bandwidth (< 15 kHz) servo amplifier for the locking. AOM2 is
used as an optical isolator to prevent standing waves on the photo detector, PD.
To measure the absolute stability of the diode laser, we perform a three-cornered-hat
measurement [10,12]. As shown in Fig. 2, The output from a monolithic isolated end-pumped
ring Nd:YAG laser (MISER) is split into two parts, and independently locked to two other
reference cavities, cavity 2 and cavity 3 [13]. Both cavity 2 and cavity 3 are put on top of
active vibration isolation stages. Together with the diode laser output, three independent
beams are formed, and three cross-beat frequencies are obtained at approximately 304 MHz,
392 MHz, and 88 MHz for cavity 1-2, 1-3, and 2-3, respectively. We then down-convert the
beat frequencies to the kHz level and use low-pass filters to clean up the signals. The three
down-converted signals are recorded by three frequency counters (Agilent 53132A) for gate
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time longer than 1 s, and by three fast analog-digital converters (Gage CompuScope 12400)
for gate time shorter than 1 s.
The calculated Allan deviations of the three data sets are shown in Fig. 3(a). Linear
frequency drifts of approximately 1 Hz/s are removed during data processing. The frequency
stabilities of individual cavities can then be calculated with the three-cornered-hat method.
The final results are shown in Fig. 3(b). It shows that cavity 1 has the best frequency
stability over the entire measurement time from 100 µs to 200 s, even without active vibration
isolation. An absolute stability of 2.95× 10−15 of cavity 1 is measured at 1 s, corresponding
to only 0.93 Hz in linewidth.
In conclusion, we demonstrate locking of a commercially available ECDL to a vibration-
insensitive high finesse Fabry-Perot cavity with a commercially available wide-band electronic
servo loop. A locking bandwidth of 2 MHz has been achieved. Even higher bandwidth can
be obtained by rearranging the placements of the diode laser and the pre-cavity to further
reduce the loop delay time. The absolute frequency stability of the diode laser is measured
with a modified three-cornered-hat method to remove correlation effects. We also design and
implement a vibration-insensitive reference cavity. As a consequence, even without active
vibration isolation, a high stability of 2.95 × 10−15 at 1 s is achieved. The result is better
than those of two normal cavities with active vibration isolation.
Due to the complex servo electronics design, the sub-hertz frequency stabilizations of diode
lasers demonstrated previously [4–6] are limited to only a few advanced labs. With this work,
we demonstrate that sub-hertz locking of diode lasers based entirely on commercially avail-
able components is feasible. We believe that a modular design, ultranarrow linewidth diode
laser covering a broad wavelength range can greatly aid further development of precision
laser spectroscopy.
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Fig. 1. (Color online) Experimental setup for diode laser locking. EOM, electro-optic modu-
lator; AOM, acousto-optic modulator; λ/2, half wave plate; λ/4, quarter wave plate/ PBS,
polarization beam splitter; APD, avalanche photo diode; PD, photodiode; FC, fiber coupler;
M, mirror; L, lens. Inset, The reflection signal from the pre-cavity recorded by a spectrum
analyzer upon laser locking.
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Fig. 2. (Color online) Schematic setup for the three-cornered-hat measurement. BS, beam
splitter; AOM, acousto-optic modulator. The light beams at a, b, and c points are sent to
the respective beat note setups as shown in the inset at the left side.
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Fig. 3. (Color online) (a) The Allan deviations of the beat frequencies between three refer-
ence cavities. The linear frequency drifts of approximately 1 Hz/s are removed during data
processing. (b) The calculated Allan deviations of the individual reference cavities.
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